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ABSTRACT Previous C13-NMR studies showed that two of the four internal aspartic acid residues (Asp-96 and Asp-1 15) of
bacteriorhodopsin (bR) are protonated up to pH = 10, but no accurate pKa of these residues has been determined. In this work,
infrared spectroscopy with the attenuated total reflection technique was used to characterize pH-dependent structural changes
of ground-state, dark-adapted wild-type bacteriorhodopsin and its mutant (D96N) with aspartic acid-96 replaced by asparagine.
Data indicated deprotonation of Asp-96 at high pH (PKa = 11.4 ± 0.1), but no Asp-1 15 titration was observed. The analysis
of the whole spectral region characteristic to complex conformational changes in the protein showed a more complicated titration
with an additional pKa value (pKai = 9.3 ± 0.3 and pKa2 = 11.5 ± 0.2). Comparison of results obtained for bR and the D96N
mutant of bR shows that the pKa 11.5 characterizes not a direct titration of Asp-96 but a protein conformational change that
makes Asp-96 accessible to the external medium.
INTRODUCTION
Bacteriorhodopsin (bR) is a pigment-protein complex with a
retinal chromophore. It is located in the purple membrane
(PM) of Halobacterium halobium and functions as a light-
driven proton pump (for review, see Stoeckenius and Bogo-
molni, 1982; Oesterhelt and Tittor, 1989; Mathies et al.,
1991; Ebrey, 1993; Lanyi, 1993). The retinal chromophore
is bound to Lys-216 via a protonated Schiff-base. The ab-
sorption of light initiates the photocycle of bR, in which the
molecule passes several spectrally distinct metastable states
before it returns to the initial state. The simplest photocycle
scheme that can explain most of the experimental findings
contains five intermediates arranged sequentially: bR-K-L-
M-N-O-bR (Lozier et al., 1975). During this cycle, a proton
is transported from the cell to the extracellular medium in
several distinct steps that are synchronized to those in the
photocycle (Keszthelyi and Ormos, 1989).
Experimental data obtained by different measuring tech-
niques have shown that structural changes of both the reti-
nylidene Schiff-base chromophore (for overview, see
Mathies et al., 1991) and the protein (Koch et al., 1991;
Dencher et al., 1991; Ormos et al., 1991; Subramaniam et al.,
1993) occur during the photocycle. The availability of site-
specific mutants of bR allowed the assignment of the amino
acid residues that take part in the proton transport process
(Rothschild and Marrero, 1982; Bagley et al., 1982; Doll-
inger et al., 1986; Braiman et al., 1988; Gerwert et al., 1989,
1990, 1992; Ormos et al., 1991, 1992). These data and in-
vestigation of alterations in transport properties of these mu-
tants (Mogi et al., 1988; Holz et al., 1989, Butt et al., 1989,
Tittor et al., 1989) showed that aspartic acid residues in po-
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sitions 85, 96, and 212 are crucial in the pumping process.
From MTIR difference spectroscopy, it was concluded that
Asp-85 and Asp-212 are deprotonated, that Asp-96 is pro-
tonated in the initial state, and that these residues transiently
change their protonation state during the photocycle. Based
mostly on these findings and the structural model of bacte-
riorhodopsin (Henderson et al., 1990), a widely accepted
model for the mechanism of the bR proton pump has been
created (Fodor et al., 1988; Mathies et al., 1991; Oesterhelt
et al., 1992; Ebrey et al., 1993). It involves proton transfers
between the retinal Schiff-base and several aspartate resi-
dues. The following steps are regarded as crucial: first, the
Schiff-base proton is transferred to Asp-85, which then
causes a proton release to the external medium from an as yet
undetermined group; this is followed by the transfer of a
proton from Asp-96 to reprotonate the Schiff-base; then
Asp-96 is subsequently reprotonated from the cytoplasmic
side of the membrane; finally, Asp-85 deprotonates.
This mechanism implies that Asp-96 is protonated in the
initial state (Lanyi et al., 1993, Mathies et al., 1991). Solid
state 13C NMR measurements showed that two aspartic acid
residues (96 and 115) are protonated up to pH = 10 (Metz
et al., 1992) but no pKa for these groups were specified.
Recently, the effects of solvation and charge-charge inter-
actions on the pK, of the ionizable groups in bacteriorho-
dopsin have been studied using a macroscopic dielectric
model in computational theoretical studies. Calculations
showed that the predicted pK5 values are highly dependent
on the orientation of the side chain of Arg-82 (Bashford and
Gerwert, 1992), whose placement is ambiguous in the struc-
ture derived from electron density maps (Henderson et al.,
1990). Best agreement with experimental data was achieved
if this side chain points toward the Schiff-base. In this
case, the calculations gave pKa = 11.6 + 1.2 for Asp-96
and pKa = 15.4 + 8.6 for Asp-115.
In the present study, we have applied difference infrared
spectroscopy combined with the attenuated total reflection
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(ATR) technique to obtain further experimental information
on pH-induced structural changes of the bR initial state. This
technique allows the easy and accurate control of pH in the
bathing solution of the purple membranes (Marrero and
Rothschild, 1987). These studies permitted us to determine
accurate pKa values for deprotonation of Asp-96 and pH-
induced changes of the protein structure.
MATERIALS AND METHODS
Instrumentation
Infrared spectra were recorded on a PU9800 Fourier-transform infrared
spectrometer (Philips, Cambridge, UK) equipped with a DTGS detector and
an external horizontal attenuated total reflection (ATR) accessory (Spec-
tratech Inc., Stamford, CT). This cell includes a 450 trapezoidal germanium
plate and is designed for liquid samples.
Sample preparation
Purple membranes (PM) were isolated from H. halobium strain ET1001
according to Oesterhelt and Stoeckenius (1974). The D96N mutant was
prepared from a derived mutant strain of H. halobium using the procedure
described in Soppa et al. (1989a, b).
For the measurements, purple membranes were suspended in tridistilled
water yielding 0.6 mM bacteriorhodopsin concentration. 400 Al of this sus-
pension was dried on the surface of the germanium plate of the ATR cell
(see Fig. 1) in vacuum. Then the cell was filled with 2 ml of 1 M NaCl
solution (pH = 7). Hydration and stability of the PM film were checked by
subtracting consecutively measured spectra. The sample stabilized in about
a day. The pH of the bathing solution was changed in the range of pH
7-12.5 by adding appropriate amounts of concentrated NaOH or HCI and
was continuously monitored using a micro-combination pH-electrode
(model PHR-146, Lazar Research Laboratories, Inc., Los Angeles, CA).
Single beam infrared spectra (1000 scans, 2-cm-' resolution) were taken at
very low ambient light intensity where the sample could be considered
dark-adapted. It was necessary to work in the dark: depending on the pH,
the lifetime ofM changes; it becomes very long, especially at high pH, and
the sample practically bleaches. Controlled light adaptation at high pH,
therefore, is not possible. Fortunately, as we will see later, working with
dark-adapted bR did not cause problems in our conclusions.
Data processing
All spectral manipulations were carried out by home-written programs using
Matlab for Windows software (MathWorks, Natick, MA). First, single-
beam spectra were normalized in the 1800-2000 cm-' region to compensate
small drifts of spectra in time. Difference absorption spectra for a given pH
= X was calculated using the formula
AA(v)PH=X = log1OI(v)pH=X/I(v)pH=7), (1)
where I(VPH=X is a single-beam spectrum taken at pH = X and v is wave-
number. To analyze quantitatively the pH dependence of the spectra, sin-
gular value decomposition (SVD) of the data set (difference spectra at all
pHs) was applied. For mathematical definition of SVD and its application
for data analysis see, e.g., Henry and Hofrichter (1992); here we describe
only its use for our special case. In general, our procedures are related to
those applied by Turner et al. (1993), who investigatedpH titration by visible
spectroscopy. SVD is a very convenient tool because it gives a set of or-
thonormal basis spectra ordered by decreasing weight and also their asso-
ciated amplitude as a function of pH. If the measured spectra are organized
as columns of a matrix A, SVD decomposesA as a product of three matrices:
A = U-S-VT, (2)
where columns of U contain the basis spectra, S is diagonal and contains
the corresponding weights, whereas the columns of V give the pH depen-
dence of the basis spectra (both U and V are column-orthonormal). The most
important property of SVD is that each subset of the first n components in
U provides the best basis for an n component approximation of the data
matrix in a least-squares sense. This way it is usually possible to select a
reduced number of basis spectra that represent the data matrix within the
experimental precision. A very important advantage of SVD is that it helps
to find the number of independent spectral components without any as-
sumption about the shape.
The pK. for a specific process reflected by a given basis spectrum was
determined by least-squares fitting of the corresponding column of V by a
two parameter function derived from the Henderson-Hasselbalch equation:
n
V = E Ci/(l + 10(pKi pH)
i=l
(3)
where the varied parameters were: Ci, proportional to the concentration of
groups showing spectral changes in the wavenumber region selected for
SVD; pKi, the midpoint of titration. (Curve fitting was performed using the
Nelder-Mead simplex algorithm built into Matlab.)
micro
pH electrode!
FIGURE 1 Scheme of the sample compart-
ment.
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In each case, at least three independent experiments were performed. The
reported pK. values and their errors originated from the mean and SD cal-
culated from the results of the individual fits, respectively.
RESULTS
Fig. 2, A and B show a sequence of ATR difference spectra
of wild-type bacteriorhodopsin and the D96N mutant cal-
culated using Eq. 1. In the wavenumber region shown (1400-
1800 cm-'), these spectra reflect structural changes of the
protein backbone, the retinal chromophore, and also protein
side chains. (Unfortunately, in control experiments, where
only the bathing solution (1 M NaCl) was titrated, a huge and
broad peak appeared around 1400 cm-', probably because of
the increasing amount of nondissociated NaOH at higher pH.
Because of this problem, the spectral region below 1400 cm-1
has been omitted.) The difference spectra are dominated by
two bands located at 1661 cm-' (amide-I band, C=O vi-
bration) and 1542 cm-' (amide-II band, NH-bending vibra-
tion), respectively, which are characteristic of vibrations of
the protein backbone and are the major feature of all protein
spectra. At first glance, the spectra of the wild-type bR and
the D96N mutant have similar overall features; however,
there are some differences. Characteristic differences can be
seen above 1700 cm-'.
COOH vibrations
The protonated form of carboxylic acids has a characteristic
band above 1680 cm-', originating from the C=O bond
stretch of the COOH group (Bellamy, 1975). In light-induced
difference spectra of bR, most of the peaks were clearly as-
signed to single aspartic acid residues. The difference peak
of the COOH vibration was found at 1761 cm-' for Asp-85
(it becomes protonated in the M form), at 1742 cm-' for
Asp-96, -1729-1740 cm-' for Asp-115, and at 1738 cm-' for
Asp-212 (in the M form) (e.g., Braiman et al., 1988). Al-
though the assignment of the band from Asp-212 is not
settled (according to recent studies the band at 1738 cm-'
may not originate from Asp-212 (Maeda et al., 1994)), the
only groups protonated in the ground state at pH = 7 are
Asp-96 and Asp-115: these are the candidates to show dep-
rotonation at higher pH.
Fig. 3,A and B show the region ofCOOH vibrations where
pH-dependent changes were observed. The peak position
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FIGURE 2 FTIR ATR difference spectra of wild-type (A) and D96N (B)
bacteriorhodopsin at several pHs. (Difference spectra were calculated ac-
cording to Eq. 1.)
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To get a flat baseline, a second order baseline correction was applied. (A,
wild-type bacteriorhodopsin; B, D96N mutant of bacteriorhodopsin.)
0.01 -
0.00 -0
._
U
C
S
0
L.0
.0
*q
4
-0.05 -
0.01
-I
0.00 -SU
ct
S
V
0
.0
m
-0.04 -
I~
i-!
.c
r
1 708 Biophysical Journal
I
pH-Induced Structural Changes in Bacteriorhodopsin
(1742 cm-') and the fact that no band appears in the case of
the D96N mutant make it evident that in wild-type bR Asp-96
is titrated. The band is negative because it reflects a loss of
protonated Asp-96 as compared with pH = 7 upon increasing
pH.
To calculate the pH dependence of the 1742 cm-' peak,
SVD was applied. The basis spectra multiplied by their sin-
gular values (i.e., the weighted independent basis spectra) are
shown in Fig. 4, A and B. Fig. 4 A shows only one significant
spectrum, whereas in Fig. 4 B no spectrum emerges from the
noise. The fact that for wild-type a single significant spec-
trum component was found whereas none was found for the
D96N mutant confirms that a single carboxylic residue un-
dergoes protonation change, that is, Asp-96. In this case, the
intensity of the 1742 cm-' peak is proportional to the con-
centration of bR having a protonated Asp-96. The pKa of the
titration was obtained by fitting the first column of the V
matrix by Eq. 3 as described in Materials and Methods (Fig.
5). Evaluating three sets of data, pKa = 11.4 + 0.1 was
calculated.
A
0-
co
4-
0
U)
c
E
U3
.0.003 -
1720
CO)
U)
c
E
0-
-0.003 -
1720
1740
Wavenumber (cm-1)
B
~./-.1
\,v
1740
Wavenumber (cm-1)
FIGURE 4 The result of singular value decomposition of the spectra
shown in Fig. 3 (see Materials and Methods). Only the first six components
are shown; components with higher index are negligible. (A, wild-type bac-
teriorhodopsin; B, D96N mutant of bacteriorhodopsin.)
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FIGURE 5 The first column of matrix Vthat describes the pH dependence
of the biggest component shown in Fig. 4 (E). This curve shows the dep-
rotonation Asp-96 (see text). The continuous line is the result of a least-
square fit with the theoretical function (Eq. 3) for a single dissociating acid
(pK. = 11.4 ± 0.1).
pH-dependent structural changes of the protein
backbone
Although the spectra in the 1450-1700 cm-' region are very
complex and cannot be interpreted on the basis of these ex-
perimental data, it is reasonable to assume that they are domi-
nated by the amide-I and amide-I1 bands. These bands reflect
changes of the protein backbone; other spectral changes
caused by vibrations of single groups should be negligible
compared with them. However, it is also clear that proto-
nation or deprotonation of single amino acid residues may
result in reordering of a significant part of the protein. The
C=N stretching mode serves as a marker band for proto-
nation of the retinal Schiff-base (e.g., Bagley et al., 1982).
Because no exchange of a negative 1640 cm-' band (proto-
nated Schiff-base) to a positive band at 1624 cm-' (depro-
tonated Schiff-base) can be seen in our spectra, significant
deprotonation of the retinal Schiff-base can be excluded. It
is in agreement with resonance Raman data where the pKa
of the chromophore was found to be -13.3 (Druckman et al.,
1982).
To get quantitative information on the conformational
changes of the backbone, we applied SVD to the 1450-1700
cmti region. Similar results were obtained for the wild-type
bR and the D96N mutant (Fig. 6,A and B): we found a single
significant basis spectrum in both cases that was similar
(peak positions are nearly the same; only their relative am-
plitudes differ). The higher order components of U*S ('2)
are probably caused by baseline errors because they did not
show meaningful pH dependence (data not shown). The first
column of matrix V (shown in Fig. 7, A and B) that describes
the pH dependence of the first basis spectrum was also simi-
lar for the wild-type and D96N bR and could be fitted as-
suming at least two independent titration processes (n = 2).
The obtained numerical values are: pKal = 9.3 ± 0.3, pKa2 =
I~ I*
I~I.
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FIGURE 6 The basis spectra calculated by singular value decomposition
of the spectra shown in Fig. 2 (1450-1700 cm-'). This spectral range is
assumed to characterize protein conformational changes. (A, wild-type bac-
teriorhodopsin; B, D96N mutant of bacteriorhodopsin.)
11.5 ± 0.2 for wild-type bR; pKal = 9.4 ± 0.3, pKa2 = 11.5 +
0.3 for D96N, respectively.
DISCUSSION
We have found that at high pH Asp-96 in dark-adapted bR
becomes deprotonated with pK. = 11.4 ± 0.1 in 1 M NaCl.
Because of the high salt concentration, this value should be
close to the intrinsic pK5. The absence of such a titration in
the D96N mutant confirms that the 1742 cm-' band is caused
by Asp-96 only and that Asp-115 (which is present in
the D96N mutant) should have a pKa over 12. These results
are in excellent agreement with the model calculations of
Bashford and Gerwert (1992), who have found a value of
11.6 ± 1.2 for Asp-96 and 15.4 ± 8.6 for Asp-115 using
constrained dynamics model calculations with the assump-
tion that Arg-82 is pointing toward the retinal Schiff-base.
On the other hand, a recently published work by Sampogna
and Honig (1994) reports results with values significantly
lower than our results.
pH
FIGURE 7 The first column of matrix Vthat describes the pH dependence
of the largest component shown in Fig. 6 ([1). This curve is characteristic
to conformational changes of the protein backbone induced by pH change
(see text). The continuous line is the result of a least-square fit with the
theoretical function (Eq. 3, n = 2). The obtained numerical values are: pK,
= 9.3 + 0.3, pKY. = 11.5 ± 0.2 for wild-type bR (A); pK., = 9.4 + 0.3,
pK, = 11.5 0.3 for D96N (B), respectively.
The pH-dependent changes of the protein backbone could
be characterized assuming at least two titrated groups with
a pKa of 9.3 ± 0.3 and 11.5 ± 0.2. Within the experimental
error, the same values were found for the D96N mutant. It
is a striking observation that the higher value for both the
wild-type and D96N mutant is the same as that obtained for
Asp-96 titration (Fig. 2 A). This fact suggests that deproto-
nation of Asp-96 is a consequence of a protein conforma-
tional change also occurring in the Asp-96-free mutant. The
reasonable explanation is that the conformational change is
an opening up of the protein that makes Asp-96 accessible
to water. This is in accordance with Henderson et al. (1990),
who describe the intracellular half of the proton channel
where Asp-96 is located as narrow and highly hydrophobic.
Deprotonation of Asp-96, therefore, is rather a marker of
the protein conformation, in which the the accessibility
of Asp-96 changes. According to our data, the titration of
Asp-96 can be described with a single pK. value; it follows,
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therefore, that the transition of the protein that changes the
accessibility of Asp-96 is governed by the deprotonation of
a single group, naturally other than Asp-96. Concerning the
protein spectra, two observations deserve special attention:
1) SVD analysis resulted in only one significant spectrum
component. Consequently, in the whole pH range 7-12 a
continuous conformational change takes place that is uni-
form in its main characteristics. 2) As far as the signal-to-
noise ratio -of our experiments permits, it can be concluded
that all spectral changes in this pH range are determined by
the protonation of only two groups.
From the present data, it is not possible to identify the
specific amino acid residues responsible for the alteration of
the backbone structure. Based on pH dependence of the vis-
ible and UV spectra of bR, Balashov et al. (1991) concluded
that three tyrosine residues get deprotonated with a pK. of
-9.0, 10.3, and 11.3 (in 167 mM KCI). This result agrees
with our values assuming that in our case the two lower pK.
values are not distinguished. Comparison of our spectra with
those in Roepe et al. (1987) where bands in the M-bR dif-
ference spectrum are reminescent of ours were assigned to
tyrosine protonation also support this assumption. Further
studies are being carried out to make positive identification.
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